The Internet of Things (IoT) has limitless possibilities for applications in the entire spectrum of our daily lives, from healthcare to automobiles to public safety. The IoT is expected to grow into a trillion dollar industry worldwide over the next decade. The components of the IoT will be integrated with cloud computing, which will facilitate easy access and analysis of big data stored in cloud systems across the globe. Radio frequency identification (RFID) technology is based on wireless communication systems and offers easy integration into the Internet cloud system. The potential of RFID tag sensor technologies has been studied in different industrial sectors including healthcare, food safety, environmental pollution, anticounterfeiting of bank-notes and fake medicines, factories, customer shopping behavior, logistics, public transport, and safety. In this review article, the role of inkjet-printed RFID tag sensors is described in the emerging fields of IoT and the Internet of Nano Things (IoNT). This review is concerned with the use of inkjet-printed nanomaterials to fabricate RFID-enabled devices as a component of IoT technology.
Introduction
Inkjet-printing is one of the low-cost techniques for directly printing electronic and optoelectronic materials on large-area surfaces for applications in exible printed electronics. 1 Different types of conductive materials including silver, copper, conducting polymers, carbon nanotubes, and graphene oxide have been used in developing nanoparticle and organometallic inks for fabricating thin-lm transistors (TFTs), solar cells, light-emitting devices (LEDs), display devices, tissue engineering materials, sensors, and radio frequency identication (RFID) tags. 2 Reviews describing the applications of RFID technologies, the properties of different inkjet inks, and RFIDenabled communication systems are available in the literature. 1, 3 Inkjet-printed RFID tags have also attracted much attention from the scientic community for developing wireless sensors as a component of the Internet of Things (IoT) technology.
The Internet has changed human life and social interactions by connecting each other by sharing information through a complex communication network. Mobile phones and their easy connectivity to the Internet have become a major force not only in social media but also in developing new technologies. The Internet of Things (IoT) refers to a worldwide interconnected network of functional machines and electronic devices which can interact with each other as well as with human beings. 4 The Internet, smartphones, and their connections to billions of things has created the Internet of Things (IoT), which has no limits in connecting objects and exploiting their applications for the social benets of the worldwide population. The number of connected objects is estimated to grow to 50 billion, while equivalently growing to 1.8 trillion things by 2020 via the Internet according to a reported published by Cisco. 5 This growth is a small fraction of connectivity, which means that there are tremendous opportunities of business growth in this area. The McKinsey Global Institute forecasted that the IoT will grow to 11 trillion dollars economy by 2025, including the areas of semiconductor industries, healthcare, supply chains, public transport, and safety. 6 The Internet of Things has also created great demand for new technologies Radio frequency (RF) electronics that uses a passive electromagnetic device and an active electronic transistor to trigger, receive, and process information play an important role in wireless communication systems. [21] [22] [23] [24] [25] [26] [27] [28] The location markers generally use radio frequency identication (RFID) tag-based sensors. It is the networks of high-performance sensors and actuators connected to the computing systems and the Internet that would facilitate the future developments in the eld of IoT and IoNT technologies. RFID technology is a wireless communication method where objects wearing RFID tags (microchips) are identied and tracked utilizing RF waves. RFID system has two basic components: a memory microchip (tag) that store electronic information and an antenna-connected reader network to receive and analyze signals. A wireless sensor is used as well. There are two types of RFID tags: an active RFID tag that requires power to operate and a passive RFID tag that does not requires any power (battery-free) yielding to a longer lifespan. The electromagnetic waves (RF signal) emitted by the RFID reader activate the RFID tag. Joint Information Systems Committee (JISC) Technology and Standards Watch 29 classied RFID operating frequencies into 5 different range; low frequency (30-300 kHz), high frequency (3-30 MHz), ultra-high frequency (UHF) (300 MHz to 3 GHz) and microwave frequency corresponding to an approximate reading range of less than 0.5 meter, up to 1.5 meters, up to 100 meters at 433 MHz, and 0.5 to 5 meters between 865-956 MHz, and nally up to 10 meters, respectively. This covers an entire range of electromagnetic spectrum. However, a passive UHF-RFID tag using electric dipole antennas having a 17.5 m tag read range at the 902-928 MHz frequency band has been demonstrated. 30 The RFID tags can be attached to objects such as animals or electronic devices for identication and traceability purpose, which give RFID tagging a broad range of applications, including identication of animals and human, passports, use in hospitals, sports, academic and research institutes, tracking items in grocery stores and supermarkets, public transportation and logistics, and other commercial purposes. RFID technology is also a complementary tool to barcodes. However, with a foreseen fast growth in the IoT area, RFID microchip technology is expected to succeed barcode industry in the near future. RFID technology offers several advantages: a passive RFID tag sensor requires no battery, the reading range is up to 10 meters, and the sensors can be manufactured at a low cost.
RFID technology will become an integral part of IoT in many industrial sectors, where applications of RFID include healthcare, energy, public transportation and safety, retailing, agriculture, food packaging, construction, and resource management in factories. 31, 32 RFID tagging is also playing an important role in the supply chain from manufacturers to retailers to consumers to provide real-time information on identication and traceability of different types of products, which improves efficiency and helps increase revenue with IoT. [33] [34] [35] [36] [37] RFID tags help analyze inventory levels, logistics, and increase product orders in e-grocery supply chain by the IoT applications. [38] [39] [40] [41] [42] RFID tracks the level of inventory items in real time, enabling exible warehousing. [43] [44] [45] Applications of RFID tagging systems have been reported in the elds of railway transport, 46 bank note anti-counterfeiting, 47 fake medicines, and is being used for real-time tracking of patients, improving their safety, and in management and medical supplies in hospitals.
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RFID tag-based food poisoning prevention sensors could save human life and reduce medical costs worldwide that occur due to food poisoning borne human fatalities and related diseases. 74 The RFID tagging is also a powerful tool in the eld of combinatorial chemistry. Vastl et al. 75 used a new approach for chemical library synthesis and screening using silicon micro-transponders (p-chips) to a library of variants of the hemagglutinin (HA) peptide sequence in order to bind with an anti-HA antibody (Fig. 1) . A library of 108 hemagglutinin (HA) peptide variants was prepared using a split-and-pool approach, and EC 50 s for each variant was recorded on p-chips where 80% correlation was observed. Therefore RFID technology can be used in combinatorial synthesis for screening and reading chemical IDs.
Chipless RFID tags are becoming more popular because they can be inexpensively manufactured due to the elimination of the IC chip component compared with traditional chipequipped RFID tags. The chipless passive RFID tags can be easily inkjet-printed on a variety of exible substrates including paper, plastic, metal, and textile surfaces and show stability against oxidative environmental conditions. [76] [77] [78] [79] [80] The applications of chipless RFID tag have been demonstrated for item tracking, 81 humidity sensing, 82, 83 temperature, 84 light, 85 pipeline for corrosion, 86 and evacuation procedures. 87 The battery-free (passive) chipless RFID tag is an ideal candidate for wireless communication technology for commercial applications in emerging IoT industries.
3, 88 The use of RFID and wireless sensor networks (WSN) in IoT ecosystems enables a wide range of smartphone applications, from farming to delivery of food products to grocery stores, and inventory maintenance to food safety. [89] [90] [91] [92] [93] RFID tagging is gaining more attention due to the Internet, availability of abundant data worldwide, and the low manufacturing cost of RF chips. RFID technology is gaining further momentum with the emergence of IoT and will create tremendous demand of low-cost tags and sensors for wearable electronics. The IoT has been integrated with cloud computing, which will play a major role in analyzing big data stored in cloud systems. [94] [95] [96] [97] [98] [99] [100] [101] [102] The schematic of an RFID tag sensor is illustrated in Fig. 2 , where the resonant antenna is coated with a thin layer of chemically sensitive thin lm and has an IC memory microchip. 50 RFID tag sensors will be the integral part of emerging IoT and will have a broad range of applications.
In reference to IoT applications, Kassal et al.
103 demonstrated a low-power RFID tag sensor for potentiometric sensitivity. The memory chip in the RFID tag has the capability to measure and eventually store the electrode potential, which is thereaer wirelessly transferred to a smartphone by near eld communication (NFC). Fig. 3 shows the RFID/NFC-based chemical tag sensor platform and its operating principle. The RFID/NFC tag chemical sensor is suitable for detecting pH or ion-selective electrodes as part of a chemical sensor networks for IoT. The practical application of RFID/NFC tag sensor was veried for milk spoilage by monitoring the pH value of souring milk over a period of 6 days. The pH of the souring milk decreased to 2.4 for rst 2 days due to lactic acid formation. Thereaer the pH value stabilized at 4.3, which was in a good agreement with the 4.28 pH value measured by a laboratory meter. Furthermore, a buffer solution of pH 6.00 was monitored for 5 days where RFID tag recorded data at an interval of every 10 min and transferred the data to the PC. The measurements showed the uctuation of pH value between 5.89 and 6.10 over the 5 days, averaged to a pH of 6.03. Therefore, RFID/NFC tag sensors show potential for IoT applications.
Inkjet-printed nanomaterials for flexible electronics
Wearable technologies have created a great demand for the inkjet printing process to fabricate exible electronic devices such as organic thin lm transistors, light-emitting diodes (LEDs), displays, solar cells, supercapacitors, photodetectors, sensors, and RFID tags on a large scale at low cost. 2, 104 The inkjet printing process is simple, and it is cost-effective to print largearea electronic and optoelectronic devices on a variety of rigid and exible substrates including metals, ceramics, semiconductor wafers, glasses, polymers, paper, cotton, and synthetic textiles. 1, 3, 104 The exible plastic substrates of poly(-ethylene terephthalate) (PET), poly(dimethylsiloxane) (PDMS), poly(methylmethacrylate) (PMMA), and polyimide (PI) have been widely used for developing exible and stretchable electronic devices. The well-dened, high-resolution and conductive patterns can easily be fabricated with inkjet printing on different exible and stretchable substrates for wearable electronics. Selective examples of inkjet printing technology are provided here. A typical inkjet printing process on a substrate is shown in Fig. 4 (a) where photonic crystal patterned lines were inkjet printed in a very well-dened closed-packed assembly of NPs.
105 Metal-based inkjet printing can provide high-quality conductive patterning on a variety of substrates usable for electronic applications such as RFID antennas, thin lm transistors (TFTs), LEDs, display devices and solar cells. Dzik et al. 106 used inkjet printing of titania-silica hybrid coatings to develop patterns onto glass and exible PET substrates. The well-dened patterns having a thickness between 40 nm and 400 nm were fabricated by inkjet printing 1 to 10 layers of titania-silica hybrid. The printed patterns showed excellent optical, mechanical, and photocatalytic activities. The interdigitated photoelectrochemical cells were inkjet printed on exible PET substrates utilizing the titania-silica hybrid photocatalyst. Fig. 4 (b)-(d) shows application aspects of inkjet printing for electronics where interdigitated electrode (IDE) devices were inkjet printed using titania, titania-silica hybrid, and silver NP-based inks. Dzik et al. 107 also developed interdigitated photoelectrochemical cells by inkjet printing using a titanium propoxide sol-gel, which was transformed into TiO 2 aer annealing. The exible and transparent microsupercapacitors were developed using graphene-ake ink for printing interdigitated electrodes that exhibited the capacitances of 16 mF cm À2 and 99 mF cm À2 at 90% and 71% transmittance, respectively. 108 The graphene-ink-based IDE devices were exible and showed negligible degradation during mechanical bending. Different types of photonic crystals have been used for inkjet printing to create structural color patterns for applications in security and anticounterfeiting.
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The inkjet printing of silver NP ink on exible substrates has shown great potential for printing conductive patterns for wearable electronic devices. Jiang et al. 113 reported printing of silver nanoparticle (AgNP) ink on top of the patterned polymer nanostructures where the polymer nanostructures molded the printed silver and yielding into structural colors. Fig. 5 shows the structural coloration process using molded ink on nanostructured surface (MIONS) technique. The AgNP ink is molded by the underlying prefabricated nanocone arrays on polyethylene terephthalate (PET) substrate.
The silver nanostructure shows different surface proles; a silver nanocone arrays (NCA) when viewing from the top and a silver nanowell array (NWA) when viewing from the bottom, but both function as 2D gratings in order to diffract light of a particular spectral band. Photographs show the inkjet-printed color bars of red, green, blue, cyan, magenta, and yellow with different brightness, and the SEM image of AgNPs printed onto the PET nanocone arrays. The different colors were tunable by modifying the nanostructured geometries and shapes where a very wide range of colors can be obtained by mixing the red (R), green (G), and blue (B) colors originated from silver dots printed on different geometrical nanostructures. The transparent polyethylene terephthalate (PET) substrate patterned with diffractive geometrical nanostructures was used for printing full color images. The nal mixed color is determined by the number of silver dots printed on the each subpixel which is "dots per subpixel" (DPSP). Each subpixel accommodates a maximum of 20 silver dots so the DPSP is 20. This indicates that 21 different brightness levels of colors are controlled using different density of printed silver dots, and therefore 9261 different colors (21 Â 21 Â 21) can be digitally printed with silver dots on each effective pixel. The MIONS printing allows cost-effective printing of a full-color spectrum of different images. The MIONS can be effectively used for generating plasmonic pixels for security and anticounterfeiting purposes.
The fabrication of electronic devices by the inkjet printing technique is inexpensive compared with existing chemical vapor deposition (CVD), physical vapor deposition (PVD), atomic layer deposition (ALD), lithography, etc. Inkjet inks for conductive metal printing patterns are also obtained from the metal complexes precursor inks aer decomposing precursor molecules and undesirable byproducts by sintering at elevated temperatures. 114 Sintering plays the most important role for preparing conductive metal printed patterns on different substrates in order to remove unwanted voids, organic solvents, protective surfactants and non-conductive materials without damaging exible substrates. Kamyshny et al. 115 wrote an excellent review on the metal-based inkjet inks applicable for printed electronics and explained inks based on metal nanoparticles (MNPs) and metallo-organic complexes (MC) as well as compared sintering methods such as thermal annealing, photonic sintering under intense light irradiation, plasma sintering, microwave radiation, electrical voltage, and chemical agents triggered sintering in view of their applicability for MNPs and MC-based inks.
Silver conductive inks provide wide examples of both inkjet printed inks based on nanoparticles and molecular precursors which have been widely used in printed electronic circuits for developing different exible devices including RFID tags. Table 1 lists the electrical resistivities and sintering conditions of silver conductive patterns inkjet printed on different substrates using AgNPs and metal-organic-decomposition (MOD) based inks. [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] The resistivity remains scattered between 5.8 mU cm to 30 mU cm between AgNPs and MOD inks which is higher compared with resistivity of bulk silver. Dong et al.
121 prepared metal-organic-decomposition (MOD) colorless silver ink by dissolving silver oxalate powder in a mixture of ethyl alcohol, ethylamine, and ethylene glycol aer continuously stirring for 30 min at 0 C. The MOD ink having 27.6%
silver contents was used for inkjet printing of silver conductive patterns on exible PI substrate which showed high reection with resistivity of 8.6 mU cm aer curing at 150 C for 30 min.
Shen et al. 122 prepared conductive silver paste from silver neodecanoate precursor which was soluble in organic solvents and produced metallic silver aer sintering at <200 C. The paste had 25 wt% silver content and produced silver lines on a substrate by micro-pen direct-writing process. The silver lines showed resistivity of 9 Â 10 À6 U cm and 5.8 Â 10 À6 U cm aer sintering at 115 C and 150 C each for 60 min, respectively. The resistivity of 3 Â 10 À6 U cm was obtained aer sintering 300 C which was comparable with bulk silver. Sintering of metallic and MOD inkjet inks directly affects their electrical resistivity which has been discussed throughout this article. 163 constructed a wireless UHF-RF-powered sensor operating at 433 MHz for sensing gases and volatile organic vapors. The sensor chip was made of a gas-sensitive composite thin lm consisting of PPy and modied multi-walled carbon nanotubes (m-MWCNTs) which were coated on interdigitated gold electrodes. The wireless sensor chip based on PPy/m-MWCNTs composite thin lm and RF components detected anesthetic agent, uoromethyl 2,2,2,-triuoro-1-(triuoromethyl) ethyl ether (sevourane).
Jun et al. 164 developed RFID-based wireless sensor systems using carboxyl (-COOH) group functionalized polypyrrole (C-PPy) spherical NPs having an average diameter of 60 nm. The carboxylated polypyrrole NPs (C-PPy NPs) having different weight ratio of pyrrole monomer (Py) to pyrrole-3-carboxylic acid monomer (C-Py) of 45 : 1 (C-PPy_1), 30 : 1 (C-PPy_2), and 15 : 1 (C-PPy_3) were prepared. The chemical oxidation copolymerization process was used to prepare C-PPy NPs. The C-PPy NPs were characterized by the eld-effect scanning electron microscopy (FE-SEM), Fourier-transform infrared (FT-IR) and Xray photoelectron spectroscopy (XPS). The carboxyl functional groups in the C-PPy NPs provide both stability as well as exi-bility aer forming a covalent bond on the surface of aluminum (Al) pattern of the RFID antenna. Fig. 6 shows the fabrication process of UHF-RFID sensor tag using C-PPy NPs, photograph and FE-SEM image of the sensing area. The sensor system was fabricated using an RFID reader antenna and a RFID sensor tag coated with C-PPy NPs. A sensor was formed aer C-PPy NPs covalently bonded to the passive UHF-RFID tag. Fig. 7 shows the current-voltage (I-V) curves for C-PPy_1 NPs, C-PPy_2 NPs, and C-PPy_3 NPs and the change in the normalized resistance aer exposing to different concentrations of ammonia (0.1 ppm to 25 ppm) and acetic acid (1 ppm to 100 ppm) at room temperature. The sensor exhibited a linear behavior between 1 to 100 ppm concentrations of ammonia and acetic acid while a nonlinear sensitivity for less than 0.1 ppm concentrations. The variation in the reectance properties of C-PPy NPs-based wireless chemical sensors as a function of the concentration of ammonia and acetic acid was also studied. The C-PPY_3-based sensor was able to detect ammonia gas up to a lowest concentration of 0.1 ppm at 900 MHz and acetic acid concentration of 1 ppm at room temperature.
The sensitivity of the RFID tag sensor increased from 0.1 ppm for C-PPy_3 NPs to 1 ppm for C-PPy_2 NPs to 5 ppm for C-PPy_1 NPs as the ratio of carboxylic functional group increased. The C-PPy_3 NPs based sensor was exposed to vapors of 14 different volatile organic compounds (VOCs) at 10 ppm xed concentration. Among acetaldehyde, acetone, butane, benzene, chloroform, methanol, ethanol, hexane, toluene, naphthalene, dimethylamine, trimethylamine and acetic acid, ammonia gas showed the highest sensitivity among all VOCs. The electrical conductivity of the C-PPy NPs was also found to be inuenced by the relative humidity (RH) at room temperature when RH increased over 55%. The C-PPy NPs showed a response time of 2 s and recovery time of 55 s. Fig. 8 shows the photographs and reectance change of the UHF-RFID tag sensor under at, twisting, and rolling conditions. The sensors retained their exibility due to the formation of covalent bonding between the carboxyl functional groups of C-PPy NPs and the RFID tag. This was an interesting study because the CPPy NP-based RFID tag sensors exhibited a wireless operation up to 50 cm and retained sensitivity aer repeated bending and twisting, indicating their potential use as exible gas sensors in wearable electronics.
Graphene-based RFID tag sensors
With the discovery of graphene, two-dimensional materials such as transition metal dichalcogenides (TMDs) have attracted the attention of the scientic community. 184 developed an RFID antenna using binder-free graphene laminate. The binder-free graphene ink containing graphene nanoakes was transformed into a graphene laminate, which showed an electrical conductivity of 4.3 Â 10 4 S m À1 and a sheet resistance of 3.8 U sq À1 . The conducting graphene laminate was patterned and printed on paper to fabricate a dipole antenna. The graphene laminate antenna exhibited a reection coefficient (S 11 ) of À11.6 dB at 960 MHz. The reection measured as a function of frequency showed a À10 dB bandwidth from 0.89 GHz to 1.02 GHz, indicating 90% power was transmitted to the RFID antenna. The graphene laminate antenna showed the realized gain of À0.6 dBi at 962 MHz and over À1 dBi between 930 to 990 MHz. The realized gain is an indicator of the antenna performance, which shows the effectiveness of transmitted power. Lamminen et al. 185 designed a graphene-ake-based screen-printed dipole antenna operating between 2 and 5 GHz. The graphene-ake-based antenna showed 60% efficiency, a maximum gain of 2.3 dBi at 4.8 GHz and degradation aer repeated bending. The graphene-ake-based wideband elliptical dipole antenna can be used for exible and wearable wireless communication devices. Leng et al. 186 used graphene nanoake ink to screen print an RFID antenna on a paper substrate. The RFID antenna showed a maximum gain of À4 dBi, and À10 dB bandwidth ranges between 984 and 1052 MHz and 32% radiation efficiency.
Lee et al. 187 developed an RFID tag sensor using platinum nanoparticle (PtNP)-decorated reduced graphene oxide (rGO) for H 2 gas sensing. The wireless sensor consisted of two components, PtNP/rGO hybrid based ultrahigh frequency (UHF) sensor tag and RFID reader antenna connected to a network for analyzing RFID feedback. Fig. 9 shows the schematic diagram of the UHF-RFID-based wireless sensor system having a RFID sensor tag that transfers a signal to the RFID reader antenna (signal receiver) connected to a network analyzer. A schematic illustration of the fabrication process of the PtNP/rGO hybridbased RFID tag sensor for detecting hydrogen gas, eld-effect scanning electron microscopy (FE-SEM) images, and the exi-bility of the RFID tag sensor for wearable electronics purposes is shown in Fig. 10 . The PtNPs/rGO nanocomposites were spincoated on the RFID antenna pattern of the UHF (900 MHz) passive RFID tag. The RFID sensor tag can detect H 2 gas up to 1 ppm at room temperature. The PtNPs/rGO sensor exhibited a linear range of 1-100 ppm and 15 seconds response time. The PtNPs/rGO sensors showed a nonlinear change in sensitivity at less than 1 ppm concentrations of hydrogen gas. The interdigitated microelectrode array (IDA) based sensors displayed reversible and reproducible sensitivity responses to different concentrations of hydrogen gas. The sensitivity of the RFID- based wireless hydrogen gas sensor increased as the concentration of PtNPs on the rGO surface increased. The interactions between hydrogen molecules and PtNPs dispersed on the rGO surface caused a change in electrical resistivity of the RFID antenna, resulting in a shi in the reectance of the RFID sensor tag showing detection in the hydrogen gas. The wireless sensor tag also exhibited exibility and mechanical stability under mechanical bending and twisting deformations.
A graphene-based dipole antenna was fabricated on cardboard, usable for the exible wireless electronics. 188 The graphene antenna showed a sheet resistance of 1.9 U sq À1 and achieved a length of 143 mm with 40% efficiency and the gain of À2.18 dBi at a frequency of 889 MHz. The graphene dipole antenna-based passive UHF-RFID tag showed a reading range over 5 m at 950 MHz. An RFID tag using a graphene-based dipole antenna and a chip operating in the UHF band was also designed. 189 Akbari et al.
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fabricated graphenenanoplatelet-ink-based passive UHF-RFID tags on a cotton fabric substrate. The performance of the tag was measured aer mounting the chips using wireless RFID tag measurements under high-humidity conditions, mechanical bending, and stretching. The tag showed a reading range of 1.6 m that was increased to 3.2 m in 100% humidity, which reversed to normal aer drying. The reading range of a bent RFID tag decreased below 1 m while for a at tag decreased to 1.1 m aer 100 bending cycles. The RFID tags were damaged so stretching was not feasible. The low-cost graphene RFID tag can be used as wearable sensors. A wearable RFID device was developed using a exible antenna by integrating into a facemask and GO-based sensors. 191 The GO-based wearable wireless sensor demonstrated the capability of detecting the inhalation/exhalation cycles as well as abnormal patterns of respiration in sleep apnea corresponding to the changes in GO resistance.
Arapov et al. 192 developed graphene-based RFID devices operating at a frequency of 867 MHz on exible substrates including polyethylene terephthalate (PET), polyimide (PI), and LumiForte paper. The RFID antenna was screen printed from graphene inks followed by photonic annealing and subsequently compressed rolling to decrease the sheet resistance (5 U sq À1 or lower) of graphene without any damage to the exible substrates. Fig. 11 shows screen-printing and post-processing of graphene RFID antennas on two different exible substrates. Fig. 12 shows the bending performance of graphene-based RFID devices at a 5 mm bending radius, change of resistance up to 1500 bending cycles on PET, PI, and Lumi paper substrates, RFID tag measurements and frequency dependent reading range and printed RFID devices. The graphene/ substrate-based composite materials were found to be fatigue resistant exhibiting less than a 1% decrease of electrical conductivity up to 1500 bending cycles and not damaged aer 1000 cycles indicating the exibility and mechanical stability of RFID devices. The photonic annealing of RFID devices showed reading distance range of a transponder as 2.6, 3.1, and 4.0 meters for PET foil, paper, and polyimide aer bending, respectively, almost similar to that before bending. The reading range depended upon the sensitivity of microchip and the matching of impedance between the microchip and antenna. Huang et al. 193 reported a chemically sensitive graphenebased modulator having a memory effect for the IoT application. The chemical-gating modulation mechanism based concept was utilized with a graphene eld-effect transistor (GFET) device that allows simultaneous multifunctioning including chemical sensing, modulation, and memory functions. This graphene-based sensor does not require a frequency modulation (FM) because the sensor displays wireless radio frequency (RF) signal. Fig. 13 shows the architecture of a network having many sensor nodes using a graphene-based sensing modulator and basic operation concept using the graphene-based sensing modulator. In addition to chemical sensing, the GFET-based nanosensor was also able to detect proteins from milk and Mycobacterium tuberculosis within 2 h of exposure. The single-GFET device operates on a low power of 10 mW making it compatible with Wi-Fi® communication system. In this IoT system, the sensor signal could be received by the smart phones and then analyze with the cloud computing technology. The graphene-based nanosensor modulator uses sensing, RF frequency modulation, and a memory effect. Therefore such GFET-based device can be used for healthcare, chemical sensing, and ubiquitous security systems.
Carbon nanotube-based RFID tag sensors
Carbon nanotubes (CNTs) show interesting electrical, mechanical, thermal, and chemical properties and have been studied for gas and chemical sensing applications. 157, [194] [195] [196] [197] [198] [199] [200] [201] [202] Both singlewalled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) have been used for radio frequency applications. [203] [204] [205] [206] [207] The transparent conductive lms of CNTs have been considered as an alternate conductive material to ITO electrodes for exible electronics. CNTs can be made into conductive inks for inkjet printing purpose. Mustonen et al. 208 deposited conductive patterns of carboxyl groups functionalized single-walled carbon nanotubes (SWCNT-COOH) and their composites with poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) on various substrates using the inkjet printing method. The PEDOT-PSS/SWCNT-COOH composite patterns showed a sheet resistance of 10 kU sq À1 and 90% optical transmittance. Lee et al. 209 prepared water-based SWCNT inks for inkjet printing. The SWCNT surfaces contained oxygen-containing groups, which increased the dispersion stability, using the UV/ozone treatment. The SWCNTs were concentrated on a circular rim, which was formed by a coffee-ring effect aer inkjet printing. The transparent conducting lms were printed into 40 layers, which exhibited a sheet resistance of 870 U sq À1 with 80% optical transparency at 550 nm wavelength.
Shimoni et al. 210 reported CNT based transparent conductive arrays inkjet-printed on exible PET substrate by the coffee-ring effect. Fig. 14 shows the height prole of CNT ring that was inkjet-printed on a heated PET lm substrate. The height of the edges was found to be 300 nm around ring while the inside of the ring remained empty. Direct patterning was accomplished by inkjet-printed aqueous dispersion of CNTs, which accumulated on the circular rim aer evaporation. The transparent conductive arrays showed a sheet resistance of 156 U sq À1 with 81% transparency at a wavelength of 600 nm for the inkjet-printed six layers of CNT rings. This process was used for fabricating CNT-based exible electroluminescent devices, where inkjet-printed eightlayers of CNT interconnected rings formed the transparent electrodes. These inkjet-printed CNT rings can also be used as transparent conductive electrodes for fabricating exible solar cells, organic LEDs, at-panel displays, and touch screens of mobile phones. Liu and Li 211 reported a chipless methane sensor having an ultra-wideband (UWB)-RFID. The proposed sensor head made of palladium (Pd) NP-decorated single-walled carbon nanotubes (Pd-SWCNTs) acts as an electrode. The sensor detected methane as the methane concentration was increased from 0 to 100 ppm and the sensitivity of up to À11.30 dB can be achieved. Fiddes et al. developed wireless sensors with a passive 13.56 MHz RFID tag using carbon black/organic polymer composites. The carbon particles act as the conducting element, whereas the poly(ethylene vinyl acetate) (PEVA), and maleic anhydride (MA) act as a sensing element to identify volatile chemicals 212 and biogenic amines in food spoilage. 213 Ling et al. 214 fabricated a SWCNT-based frequency-modulated RFID wireless tag sensor for detecting ammonia (NH 3 ) gas. The passive wireless sensor tag was made of a SWCNT network-based exible sensor, RF antenna, and ring oscillator. The large-area SWCNT network increased sensitivity by 0.76% ppm and the sensor exhibited a linear response between the resistance and NH 3 concentration. The FM-modulated passive RFID wireless tag sensor is useful for powerless low-level NH 3 detection. Bekyarova et al. 215 prepared poly(m-aminobenzenesulfonic acid)-functionalized SWCNTs (SWCNT-PABS) for ammonia gas sensing. The resistance increase aer exposure ammonia is associated with deprotonation process of the PABS side chain of sulfonic acid groups that induces electron transfer between SWCNT and PABS. Fig. 15 shows the mechanism of interaction between SWCNT and PABS during exposure to HCl and NH 3 . As the thickness of SWCNT-PABS lm is reduced the sensitivity increases. Lee et al. 216 developed an RFID tag sensor using SWCNT-PABS lms to increase sensitivity toward gaseous molecules. The SWCNT-PABS-based planar sensor was fabricated on a paper substrate for ammonia gas sensing. The PABSfunctionalized SWCNTs were integrated into an antenna to develop an antenna-based wireless gas sensor.
Bhadra et al. 217 developed a hydrogel-pH-electrode based on NFC technology for detecting sh spoilage. The sensor showed a detection limit of 1.5 ppm and can identify bacterial population up to 10 7 cfu g À1 for real-time monitoring of sh spoilage at 24 C to 4 C storage conditions. The wireless sensor can be embedded in packaging material for monitoring purposes and requires no integrated circuit. A CNT-based chemiresistor for wireless pH sensing has also been reported. 218 Yang et al. 219 used inkjet-printed SWCNT composite lm on a paper substrate for developing a conformal RFID antenna in a chipless RFID-enabled sensor node for detecting toxic gases. The tag had an extended bandwidth from 810 to 890 MHz, and the impedance performance was measured up to 1 GHz. The 25-layer SWCNT composite lm was used for gas detection due to its stable impedance-frequency response and low resistance. The change in electrical conductivity of the SWCNT composite lm was observed when exposed to very small quantities of ammonia and nitrogen oxide gases, which were detected by the RFID reader. Asad and Sheikhi 220 detected H 2 S gas up to 100 ppb using a CuO/SWCNT hybrid sensor at room temperature. The chemically sensitive CuO/SWCNT hybrid was coated on the top of a 13.56 MHz RFID tag. The RFID tag sensor showed repeatability and stability over 30 days. Liu and Li 221 developed a chipless sensor for wideband (UWB) RFID to detect methane. The sensors had interdigitated electrodes made of Pd NP-decorated SWCNTs. The sensor can cover the entire UWB spectrum except for the band that produces the bandgap. The Pd NP/SWCNT-based sensor was used to detect methane from 0 to 100 ppm at room temperature where the sensitivity was observed at À9.32 dB in terms of the amplitude modulation or at À11.30 dB in terms of the frequency modulation of the bandgap frequency. Kutty et al. 222 reported a new architecture of inkjet-printed passive UHF RFID tag sensor for detecting CO 2 gas. For introducing a sensing function, the RFID tag was made of AgNPs and CNT inks, which showed a reading range of 4 m at 915 MHz.
Food spoilage is a serious concern in the food industry. Nanomaterial-based biosensors have been developed to detect pathogens and biogenic amines. Chemical sensors made from functionalized CNTs and their composites have been used to detect various types of biogenic amines such as putrescine and cadaverine resulting from the spoilage in sh and other raw meat products.
223-226 Tanguy et al. 227 developed wireless and battery-free RF biosensor for monitoring of food quality. The antenna of a 13.56 MHz RFID tag was modied with a sensor made of a conductive carbon particle/MWCNT nanoller and a binding agent functionalized MWCNT and a polymer composite. The sensitivity of RFID tag biosensor was increased due to the binding agent functionalized of MWCNTs. Fig. 16 shows the design of a RFID tag and radical polymerized MWCNTs with maleic anhydride (MA) denoted as g-MWCNTs and its composite formed with poly(ethylene-co-vinyl acetate) PEVA. The RFID tag was exposed to a putrescine solution, and the relative amount of radio waves reected by RFID tags coated with composites of carbon particles (CPs), MWCNTs, and gMWCNTs as conductive llers was measured as a function of time of exposure to 0.25 M putrescine solution. RFID tags with CPs/MA/PEVA, MA/MWCNTs/PEVA, and g-MWCNTs/PEVA displayed a cutoff time of 20, 14, and 10 min, respectively. The smaller cutoff time of 10 min for g-MWCNTs/PEVA nanocomposite indicates a fast response to putrescine vapors. The RFID tag cutoff times were also affected by the different concentration of putrescine. When nanocomposites of g-MWCNTs/PEVA were exposed to 0.5, 0.25, 0.1, and 0.05 M concentration of putrescine, the cutoff time resulted in 4, 10, 20, and 28 min, respectively. This research study showed that RFID tag developed from MWCNTs and g-MWCNTs can be used for faster detection of spoilage in food products.
Silver nanoparticle-based RFID tag sensors
AgNP ink has been commonly used in inkjet printing of wearable electronics due to its low cost, easy preparation process, high-resolution printing, environmental stability, and excellent conductive properties aer sintering at elevated temperatures. [228] [229] [230] Sintering techniques play an important part in preparing silver conductive patterns on exible substrates for printed electronics. Kell et al. 231 reported silver molecular ink formulations for inkjet, screen, and aerosol jet printing. The screen-printed silver traces exhibited a resistivity of 12 mU cm aer sintering. The aerosol jet ink on glass substrate yielded two times higher resistivity compared with bulk silver and strong adhesion to exible plastic substrates. Table 2 lists linewidth, sheet resistivity and current carrying capacity (CCC) of the silver molecular ink and silver ake ink printed on Kapton and PET substrates. The silver molecular ink printed patterns on Kapton (polyimide) substrate showed lower sheet resistivity and higher current carrying capacity than those of silver ake ink printed patterns on PET substrate. Fig. 17 shows the topography of thermally and photonically sintered silver molecular ink traces analyzed from optical prolometry which showed almost similar resolution and pitch. The linewidth and line spacing of 105 mm and 45 mm for thermal sintering and 108 mm and 50 mm for photonic sintering, respectively, were measured for silver molecular ink. The inkjet formulation printed TFTs having silver molecular ink printed source and drain electrodes onto single-walled carbon nanotubes (SWCNTs) based channel showed mobility of 25 cm 2 V À1 s À1 and on/off current ratio up to 10 5 aer sintering at 230 C for 30 min.
Farraj et al. 232 used electron beam sintering method to form highly conductive silver patterns of AgNPs. The AgNPs inkjet printed on polyethylene naphthalate (PEN) substrate were subjected to rapid ebeam irradiation. Fig. 18 shows the photograph of exible silver printed pattern aer ebeam sintering and the effects of conveyor speed and current as a function of energy dose on the resistivity of printed silver patterns at a xed voltage of 110 kV. At a xed current of 18 mA, the exposure time increases with decreasing conveyor speed, leading to higher total energy doses. The resistivity of the silver printed patterns decreases with increasing total energy dose. At constant speed of 3 m min À1 , the current increase yields a decrease in resistivity. In both cases, the higher energy dose results into lower resistance of the silver lm, though the effect of conveyor speed is more prominent in decreasing the resistance compared with current increase. The printed silver patterns prepared aer sintering with 600 kGy energy dose exhibited the lowest resistivity of 4.5 mU cm, which was 2.8 times that of bulk silver. The 37% higher electrical conductivity of AgNPs was achieved than that of bulk silver under optimal electron beam-sintering conditions. The ebeam sintering helps in removing the organic stabilizer from the AgNPs surface and also binds AgNPs together due to heat-welding. The ebeam technology can be used for large-scale printed electronics for roll-to-roll processing. AgNP ink was also prepared by simply dispersing the silver nanopowder in water as reported by Shen et al. 233 Silver inks were prepared by adding different amounts of silver nanopowder to a mixture of deionized water and ethylene glycol. Ethylene glycol helps in controlling the silver inks' viscosity as well as the surface tension. The poly(acrylic acid) (PAA)-coated AgNPs were prepared to prevent degradation/oxidation and, therefore, to improve long-term stability at room temperature. The viscosity and surface tension of silver inks increase as the contents of AgNPs are increased. The viscosity of AgNP ink increased from 2.51 mPa s for 5 wt% on silver contents to 4.03 mPa s for 25 wt% of the silver contents. Fig. 19 shows the photographs of silver tracks printed on photo-paper with different line-widths, SEM image of cured silver track and the variation of the printed silver pattern's thickness as a function of the printing cycles. The silver tracks were obtained by printing AgNPs ink up to 10 times for line-width ranging from 0 to 1.5 pt and sintering at 50 C for 15 min. The line-width of 1.0 pt printed silver track was 526.63 mm. The thickness of silver printed patterns increased with increasing number of printing cycles. Fig. 20 shows the particle size distribution of AgNP ink, TEM image of PAA-coated AgNPs and electrical resistivity of AgNPs conductive patterns as a function of printing cycles. The size of AgNPs varies from 20-230 nm but the mean size ranges from 30-50 nm. The TEM image indicates well-dispersed silver nanopowder in water with particle size between 10-100 nm, where the majority of the NPs are over 40 nm. The silver inks were printed on exible paper and polyethylene terephthalate (PET) substrates with a commercial color printer. The electrical resistivity of AgNP conductive patterns printed on photo-paper decreased with increasing number of printing cycles (N) and temperature. The 2 and 3 printing cycles showed a signicant uctuation in electrical resistivity which decreased from 139.4 mU cm to 10.8 mU cm as curing temperature was increased from room temperature to 180 C and 40.1 mU cm to 7.7 mU cm as the number of printing cycle was increased from 2 to 3. Interestingly, the value of electrical resistivity of the Ag pattern printed 14 times and annealed at room temperature was found to be similar to that of Ag pattern sintered at 50 C because the morphologies of Ag patterns did not change at these temperatures. The resistivity of printed AgNP patterns decreased from 8.0 mU cm to 3.7 mU cm as the sintering temperature was increased from room temperature to 180 C, which was 20% of the bulk silver under ambient conditions. The electrical resistivity of the printed Ag patterns was affected by the number of printing cycles and annealing temperature. The SEM images of printed AgNP patterns showed little change in morphologies for patterns sintered at room temperature (25 C) and 50 C. The formation of cracks and voids was observed in printed AgNP patterns aer sintering at 80 C whereas the AgNP patterns became continuous and smooth aer sintering at 140 C due to the disappearance of AgNP boundaries which also resulted into lower resistivity. The poly(acrylic acid)-coated silver NP inks was used for printing exible LED devices on photo-paper and PET substrates. In another study, Wang et al. 234 prepared AgNP ink containing up to 80 wt% of AgNPs and obtained high-quality silver nanowires by optimizing the sintering temperature, time, and pressure. Fig. 21 shows a photograph of the written AgNP conductive tacks on a paper substrate bending outward by 90 .
The electrical resistivity of AgNP conductive tracks printed on paper substrate was 3.92 Â 10 À8 Um aer sintering for 20 min at 120 C at 25 MPa pressure. The AgNP conductive patterns written on paper showed an excellent mechanical exibility because the resistivity increased from 4.01 Â 10 À8 Um to 5.08 Â 10 À8 Um aer 1000 bending cycles. A exible LED device was fabricated using these outstanding electrical and mechanical properties of AgNP ink. This study showed that AgNP ink with 80 wt% loading can be used for directly writing exible electronics on different substrates. AgNP inks have shown excellent potential for inkjet-printed exible and wearable electronics including RFID tag antennas.
235,236
RFID/NFC technology is becoming important for the transmission of data and sensor technology.
237-240 Escobedo et al.
241
fabricated a passive RFID sensing tag for detecting carbon dioxide, oxygen, ammonia, and relative humidity (RH), which were readable by a smartphone. The tag functions were based on NFC technology to harvest energy and for easy data transfer to a smartphone. In this RFID system, the use of NFC-enabled smartphones is the reader, which eliminates the requirement of an RFID reader. The gas sensor requires very low power to read an optical response using high-resolution digital color detectors. The Android™ operating system was applied for the power supplying and for receiving data from the tag. Fig. 22 shows a block diagram of a multigas-sensing RFID tag sensor where RFID chip is connected to an antenna and data is transmitted to a smartphone. Fig. 23 shows the photographs of both sides of the passive multigas RFID tag sensor and a smartphone using the Android application. The RFID tag was inkjet printed on a exible poly(ethylene naphthalate) (PEN) lm using AgNP-based conductive ink. A digital color detector is located on the exible PEN surface-facing sensing membranes for reading the optical response from a multigas sensor. A white LED was placed in the center of four sensing membranes to excite the sensors. The optical sensitivity of four membranes was detected by the color detector where oxygen gas has a luminescent response while all remaining three gases have a colorimetric response. The AgNP ink/PEN exible lm-based NFC/RFID tag sensor showed the limit of detection (LOD) as 1.3 Â 10 À3 % for O 2 gas, 7.9 Â 10 À4 % for NH 3 (gas concentration of 1.5 Â 10 À2 %), 0.23% for 5% concentration of CO 2 gas, and 1.8% for 15% humidity for a required frequency of 13.56 MHz, which was within the ISO 15693 protocol specication for wireless operation. The response time to read a single from each color detector was 203 ms, for a total of 812 ms to read all four detectors. Cross-sensitivity showed an interference of less than 3% in all cases. The passive RFID/NFC tag sensor exhibited sensitivity toward oxygen, ammonia, carbon dioxide, relative humidity, and temperature, which were read using a smartphone. The passive-tag-harvested energy from the NFC-enabled smartphone and an 8.5 mW power was consumed by the tag in sensing mode. The time response to collect and display the sensing results on the Android smartphone application was less than 1 s.
RFID tag sensors have been used for food safety. Yuan et al. 242 reported a silver-enhancement method usable for selfassembling a chain of micromonopole RF antennas. The RFIDbased biosensor detected the rabbit IgG within 20 to 60 ng concentrations where a reected RF signal was received at the 915 MHz RFID reader. A biosensor was also printed on a polyethylene substrate and the patterning of the antenna was achieved with an ink-jet printing technique. A passive RFID tag sensor used for monitoring in a food supply-chain and an application that detects IgG analyte at 915 MHz by UHF-RFID tag sensor was demonstrated. Yuan et al. 243 reported AgNP conductive ink-based UHF RFID antennas with high radiation efficiency. The RFID tag antennas prepared using AgNP ink were found to be superior to that of commercial silver microparticle ink because the former ones have higher silver metal contents, which gives rise to high electrical conductivity. The AgNP ink-based UHF RFID antennas showed a radiation efficiency of 74.6% comparable to the copper-based UHF-RFID antenna, which had a radiation efficiency of 81.0%. The reection coefficient (S 11 ) of printed antennas was below À13.4 dB. Lee et al. 244 reported inkjet-printed functional frequency selective surfaces (FSS) and RFID tags using AgNP inks on a commercial paper. Printed and sintered FSS devices showed a forward transmission scattering parameter (S 21 ) depth over À20 dB at 13 GHz frequency. The inkjet-printed RFID tags could be mounted on skin, which also showed improved reading distances than that of a single-layer transfer RFID tag. SanchezRomaguera et al. 245 showed that when AgNP ink is deposited in specic areas of the antenna, the reading distance of passive UHF RFID tags increased from 54 cm to 68 cm while decreasing the ink amount by 33%. The inkjet-printed passive UHF RFID tattoo tags displayed larger reading distance compared with a 45 cm read distance for silver screen-printed passive UHF RFID tattoo tags and a 75 cm read distance for copper-etched passive UHF RFID plastic tags. In addition, the inkjet-printed passive UHF RFID tattoo tags were found to be thinner compared with silver screen-printed and copper-etched passive UHF RFID tags, making them more attractive for the end user. This study indicates the commercialization of passive UHF RFID tattoo tags.
Sanchez-Romaguera et al. 246 developed exible and stretchable chipless RFID tags with AgNP ink. The RFID tags were optimized for resonant frequencies ranging from 1.12 GHz to 1.7 GHz by adjusting the inductor's dimensions and capacitor. The RFID strain sensors fabricated on PDMS could be stretched up to 7% and showed a gauge factor of 0.51. Kim et al. 247 inkjetprinted an antenna on exible PET substrate using AgNP-based conductive ink, which showed reection coefficients of À16.4 dB and À6 dB at 900 MHz and 2.4 GHz, respectively. The gains of the antenna were 16.74 at 900 MHz and 16.24 dBi at 2.4 GHz, indicating potential for dual-band Wi-Fi and wearable electronic devices. Hassan et al. 248 fabricated an RFID antenna that operates at 1.07, 1.5, and 2.49 GHz frequencies by decorating 50 to 200 nm size AgNPs on a exible polymer substrate. The inkjet printing technology was used for printing an electrically conductive layer of AgNPs. The exible polymer substrate and inkjet printing of AgNPs on any desirable shapes of antennas allow use in wearable electronic devices. Matyas et al. 249 developed an ultra-high frequency passive RFID tag for detecting light and temperature. The AgNP-based antenna of RFID tag was inkjet-printed on a exible substrate. Falco et al. 250 printed AgNP ink on exible Kapton substrate by an inkjet-printing process to develop an antenna for 5G applications. The ex-ible antenna operating at 27.75 GHz showed a return loss of over 16 dB, a gain of 0.43 dBi, and a radiation efficiency of 18%. Ahmad and Budimir 251 prepared AgNPs conductive inks for inkjet printing using tannic acid as a reducing agent as well as a capping agent. The tannic acid-AgNPs had a 15 nm diameter and formed a homogenous silver ink with water. The printed AgNP pattern showed a lower sheet resistance of 2 U sq À1 aer sintering at 200 C and good adhesion on the paper substrate.
Tannic acid-stabilized AgNPs are low cost and can be mass produced for application in exible electronics, which was demonstrated by the inkjet-printed LED device circuits. The reversibly stretchable and optically transparent RF antennas were also prepared using wavy silver nanowires (AgNWs). 252 The RF antennas fabricated from the wavy AgNWs exhibited higher radiation efficiency, smaller return loss, and higher stability in cyclic deformation tests when strained compared with the RF antennas developed from the straight AgNWs. The low-cost wavy AgNW-based RF antennas can be used for applications in wireless communications for wearable electronics. Kim et al. 253 developed RF passive devices operating at 45 GHz using AgNPs inks for writing both in-plane and out-of-plane. The RF electronic circuits were prepared by integrating printed RF electromagnetic passive devices with active transistors. This approach also allows the printing of RF passive devices directly on metal-oxide-semiconductor (CMOS) chips for developing prototype new device designs. The AgNP ink shows potential for writing as well as RF electronics for applications in wireless networks. Zhou et al. 254 integrated conductive silver ink with exible PDMS substrate to develop an inkjet-printed antenna for a passive RFID tag for monitoring food spoilage. Fig. 24 shows maximum and minimum transmitted power per cycle for VOCs measured with silver inkjet printing RFID device onto a PDMS substrate. The sensing response of RFID devices was correlated to PDMS swelling in terms of the Hansen solubility parameters and the vapor pressures of related volatile organic compounds (VOCs). The printed feed loops were found to fracture when exposed to the vapors of different VOCs that resulted in a change in resistance and the transmission power of the RFID tag sensors. The electrical resistance of the loop increased dramatically to non-readable level aer 5 min exposure to diethyl ether vapors while 26.5 dBm transmitted power was required to generate a response, reaching to the sensitivity limit of the RFID chip. As the exposure of diethyl ether vapors to RFID tags was stopped, both the electrical resistance and transmitted power decreased rapidly. The mechanism in the RFID tags was associated with cracks generated in the silver lm during swelling of PDMS substrate giving rise to increased resistance instead of the dielectric constant change of the PDMS. Interestingly, the fractured feed loops reassembled when the vapors of VOCs were removed, making them reversible and functional.
Silver molecular precursors based inks have been used for preparing RFID tag sensors. Nie et al. 120 prepared silver conductive pattern on exible PET substrate using inkjet printing silver citrate as a silver precursor and 1,2-diaminopropane as a complex agent in organic solvent. The silveramine complex helped in reducing the sintering temperature C. The silver printed patterns on PET substrate showed the resistivity of 17 mU cm aer sintering at 150 C for 50 min which was 11 times higher than that of bulk silver. Fig. 25 shows the inkjet printed silver patterns on exible PET substrate and the reectivity displayed the silver metallic luster of the sintered silver lms. A RFID antenna was also developed by inkjet printed silver ink. Silver inks based on different silver morphological nanostructures have been reported. Belsey et al. 255 developed electrically conductive adhesives (ECAs) using a ternary hybrid of silver microakes (AgMFs), Ag nanospheres (AgNSs), and AgNWs. Fig. 26 illustrates a ternary hybrid ECA and shows a photograph of the RFID antenna printed on the exible polyethylene terephthalate (PET) substrate. The RFID tag consists of an antenna and a chip. Both the AgNSs and the AgNWs were found to signicantly improve the electrical conductivity of the AgMF/epoxy adhesives. The optimized ternary hybrid adhesive formulation with 30 wt% AgMFs, 7.5 wt% AgNSs, and 2.5 wt% AgNWs was used to develop the RFID tag. Both the lap shear strength (LSS) and electrical conductivity of the ternary silver (AgMFs, AgNSs and AgNWs)/ epoxy hybrid ECA containing 40 wt% Ag contents were higher compared with commercial ECAs that were lled with 60 wt% of AgMF contents. The ternary hybrid ECA with optimized formulation was used to print the RFID tag antennas. The ternary hybrid/epoxy adhesive was easily printed on exible paper, polyimide (PI), and PET substrates. The RFID tag with a chip was deposited on the PET substrate and compared with a RFID tag fabricated with the commercial ECA (65 wt% AgMFs). The RFID tag showed a reading distance of 2.5 m. The lower Ag contents of 40 wt% in ternary ECA compared with commercial ECA with 65 wt% Ag led to excellent lap shear strength (LSS), which will be eventually cost effective. Therefore, the ternary (AgMFs, AgNSs, and AgNWs)/epoxy hybrid ECA is advantageous for fabricating an RFID antenna. The AgNP ink has been extensively used for fabricating RFID tag sensors.
256-258
Copper nanoparticle-based RFID tag sensors Silver microake/nanoake-based conductive inks have been widely used in printed electronics. 259 However the increasing cost of silver metal has created a demand for less expensive, alternate conductive inks. The conductive inks developed from polypyrrole, AgNPs, graphene, and CNTs have been discussed above in connection with exible electronics, particularly focused on RFID technology. Copper conductive inks also seem more attractive for printed electronics than silver inks due to their much lower cost and also high electrical conductivity.
260-263
The conductive copper NP inks show a great potential for solar cells, sensors, exible displays, and RFID tags. However, copper ink suffers from easy degradation from oxidation due to air, humidity, high temperatures, and chemicals, which limits its use in specic printed electronics applications. A coating of a protective layer over copper NPs is generally used to prevent oxidation from air and chemicals under ambient conditions.
264-267 Li and Chen 265 prepared Cu nano-ink for direct writing on a photo-paper with a roller pen. Fig. 27 compares the resistivity of the drawn Cu lines and bulk Cu as function of sintering time. The electrical resistivity of drawn Cu line decreased as the sintering time increased. The written Cu patterns showed resistivity of 7.2 AE 0.6 mU cm aer sintering at 160 C for 2 h in Ar which was 4.40 times compared with the resistivity of 1.72 mU cm for bulk Cu wire. The Cu-ink conductive patterns generated on a photo-paper using a roller pen aer sintering at 160 C for 2 h were able to light an ordinary small bulb. A RFID antenna was also prepared on a photo-paper from Cu conductive patterns. This demonstrated that the Cu nanoink can be used for patterning conductive circuits on exible and foldable photo-paper substrate for developing printed electronics. In another study, Li et al. 266 used poly(N-vinylpyrrolidone) (PVP) capped CuNPs for developing nano-Cu ink. The Cu conductive patterns were obtained with nano-Cu ink on an ordinary photo-paper with a roller pen aer sintering at 160 C in Ar atmosphere. The RFID antenna prepared from nano-Cu ink showed resistivity of 13.4 AE 0.4 mU cm which was about 8 times higher than the resistivity of 1.72 mU cm for bulk Cu wire. Fig. 28 shows a exible RFID antenna drawn on photopaper with a roller ball pen lled with nano-Cu ink with and lighting of an ordinary lamp using nano-cu ink conductive patterns. The nano-Cu ink based RFID antenna has a thickness of 15 AE 0.5 mm and a width of 100 AE 0.2 mm on the photo-paper. The scanning electron microscopy (SEM) images of nano-Cu conductive patterns were recorded aer sintering at different temperatures and the surface of Cu conductive patterns contained many CuNPs. The resistivity of Cu patterns decreased with increasing sintering temperature. The resistivity changed from 80 AE 2.4 mU cm to 21 AE 1.0 mU cm and then to 13.4 AE 0.4 mU cm aer sintering at 120 C, 140 C. and 160 C, respectively, due to the condensing of CuNPs into bulk Cu. The resistivity of Cu patterns was determined by the Cu microstructure generated aer sintering at different temperatures. The PVP capping layer plays an important role in protecting CuNPs from oxidation. Tsai et al. 268 prepared antioxidative copper NP inks, and their based copper lms showed a sheet resistance of 47.6 mU sq À1 .
The sheet resistance of the copper lm increased from 47.6 mU sq À1 to 50.1 mU sq À1 aer annealing at 250 C. The electrically conductive copper lms exhibited long-term stability without any oxidative degradation over 6 months, which was conrmed by energy-dispersive X-ray spectroscopy. The antioxidative properties and long-term stability for copper NP lms originated due to the polymer protective layer coated on the copper NPs. Kanzaki et al. 269 demonstrated that sintering at low temperatures at less than 150 C could yield conductive Cu lms on exible polymer substrates from Cu-based composite inks having sub-10 nm CuNPs protected by a coating of 1-amino-2-propanol (AmIP). Oxalic acid was also used to produce antioxidative Cu lms during sintering. deposited on the exible PET substrate. Fig. 30 shows the schematics of the sintering mechanism of the Cu-based composite inks where a simple hotplate heat treatment method was used to produce Cu conductive lms of 10 À5 U cm.
The total process including casting, drying, and then sintering to produce Cu lms from Cu-based composite ink on exible plastic substrates can be accomplished in less than 1 min. This study indicated that thermal sintering of Cu-based composite inks at low temperatures could be used for printed exible electronics. Various methods and chemical routes have been used to prepare conductive Cu lms from Cu-based inks. Dharmadasa et al. 270 deposited Cu conducting lms on glass and exible PET substrates using Cu and copper oxide NPs. The 8 mm thick Cu conducting lms had a sheet resistance of 0.12 U sq À1 over a 10 cm 2 area. Farraj et al. 271 formed conductive patterns on polymer substrates using Cu-formate-2-amino-2-methyl-1-propanol ink. The copper ink plasma treated at 160 W for 8 min exhibited an electrical resistivity of 7.3 AE 0.2 mU cm, which was 23% of the bulk copper. Fig. 31(a) shows the inkjet-printed copper patterns on a exible poly(ethylene naphthalate) (PEN) substrate that was obtained aer plasma treatment. The electrical conductivity of copper patterns was measured as a function of storage time to examine the oxidation of printed patterns. The conductivity increased by 17% aer 45 days for copper patterns exposed to ambient conditions (air) and 3% increased for copper patterns stored in a sealed Petri dish. In another study, Zhang et al. 272 prepared CuNPs by a chemically modied polyol process where Cu(OH) 2 was used as the precursor, L-ascorbic acid as the reducing agent, and PEG-2000 as the protective layer. The synthesized copper NPs had a size distribution of 135 AE 30 nm and showed no oxidation aer storing for 30 days under ambient atmospheric conditions. The CuNPs dispersed in oilbased ink could be silk-screen printed onto exible polymer substrates and then transformed into electrically conductive patterns aer annealing. The Cu lms showed electrical resistivity of 15.8 mU cm, 10 times higher compared with bulk copper. Fig. 31(b) and (c) show the photograph of the Cuconductive ink-based printed pattern on a polyimide substrate and a lighted LED device fabricated with copper-printed circuit board. The CuNPs prepared from Cu-based conductive ink were silk-screen printed on a exible polymer substrate and thereaer sintered at 250 C for 30 min. A continuous coil circuit having a width of 1 mm and a spacing of 2 mm was fabricated. The LED device was integrated into the coil circuit having printed copper patterns, which served as a conducting wire. The lighted LED showed that the copper-ink-printed electrical circuit board was functional. These studies demonstrated that highly conductive copper patterns (circuits) can be easily printed with copper inks on low-cost polymer substrates for various applications in exible electronics. The copper-ink-printed conductive patterns have been used for fabricating RFID antenna tags. The brush-painting technique has been used for printing copper and silver inks on cotton fabric, which resulted in high electrical conductivity well suited for RF electronics. The RFID tags made of the copper and silver ink antennas showed a reading range of 6 and 10 m, respectively. 273 The low-cost passive UHF RFID tags have been printed on polyester-based substrate using silver and copper inks. The tag performance was compared with these two inks using polyimide substrate.
274 RFID tags printed using copperoxide-NP-based ink showed reading ranges between 3.5 and 8.5 meters. 275 Barahona et al. 276 prepared ultra-wide band (UWB) chipless RFID tags printed either with copper, aluminum, or silver on bond paper or PET substrates and pointed out that replacing silver by copper would reduce the cost by 96% and 65% when copper is replaced by aluminum. Kim et al. 277 reported Cu-ink-based patterning conductive electrodes and fabrication of RFID antenna tags. The Cu NP inks showed the lowest electrical resistivity of 12.5 mU cm aer sintering for 20 min at 250 C. Printed Cu lm had the adhesion strength of 5B level with a 5% epoxy resin binder. A RFID antenna was developed with Cu ink and compared with silver-paste and copper-etched antennas. Fig. 32 shows FE-SEM images of RFID antenna tags developed using silver-paste and copper ink, photograph of a copper-ink-printed RFID antenna, and a comparison of measured return loss (S 11 ) for silver-paste and copper-ink RFID antenna tags with a conventional copperetched RFID antenna. A loop-type RFID antenna tag was developed from copper ink on a polyimide lm using the screen-printing method. The length and width of the copperink-printed RFID antenna tag were 2 mm. The copper-inkprinted antenna had a thickness of 1.5 mm aer the sintering. The total length was 280 mm, and the number of turns was 3 for the printed antenna. The performance of these antennas was evaluated by measuring return loss (S 11 ) as a function of resonance frequency. The copper-ink-printed RFID antenna displayed a frequency of 14.0 MHz compared with 13.7 MHz for the copper-etched antenna. The maximum return loss measured at the resonance frequency were À8.8 dB for the silver-paste-printed antenna, À14.4 dB for the copper-inkprinted antenna, and À16.8 dB for the conventional copperetched reference antenna. The usable frequency band widths were 13.6-13.8 MHz for copper-etched and 13.4-14.7 MHz for copper-ink printed antennas for a return loss of less than À10 dB whereas the silver-paste-printed antenna had no such frequency band. Though the maximum return loss of the copper-ink-printed antenna was lower compared with the conventional copper-etched antenna, its frequency band width was broader. FE-SEM images of RFID antenna tags showed a smoother surface of the copper-ink antenna compared with the silver-paste antenna. The smaller surface roughness of 0.23 mm for the copper ink compared to that of 1.39 mm for the silverpaste antenna could lead to lower electrical resistance and high inductance for the former over that of the silver-paste antenna.
Copper conductive ink can be printed on a variety of plastic substrates such as PEN, PET, PDMS, and latex as well as on textile, paper, and plywood for applications in RFID tags. Table 3 lists the nanomaterial-based RFID tag sensors used for detecting different gases and chemicals. The limit of detection (LOD) demonstrated by nanomaterial-based FRID tag sensors for different analytes at radio frequencies are listed. Besides these materials, RFID tag sensors have been fabricated using copper acetate ink for detecting H 2 S gas, 286 polymer lms coated on coplanar waveguides (CPWs) for detecting volatile organic compounds (VOCs), 287 silicon nanowires based chipless RFID for humidity sensing in the 3.0 to 7.5 GHz band 288 and other materials for anticounterfeiting, 289 combinatorial screening, 290 and homeland security. 291 Drugs counterfeiting not only costs human lives but it also creates an extra burden on healthcare industries. You et al. 292 used inkjet-printed upconversion uorescent NPs for medicine counterfeiting. A smartphone was used for anticounterfeiting of drugs to detect an upconversion uorescent three-dimensional (3D) quick response (QR) code. Three colored inks were formulated using upconversion uorescent NPs having red, green, and blue (RGB) emission colors. The upconversion uorescent 3D QR code was made of three different color layers where each color layer was encoded with drug-related information. A smartphone application was used for decoding the multicolor 3D QR code to conrm the authenticity of drugs.
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Gold nanoparticle-based lnk
In addition to silver and copper inks, gold nanoparticles-based ink has been used for inkjet printing of exible electronics.
293-302 Huang et al. 293 used hexanethiol-encapsulated gold nanocrystals for printing circuits on a exible polyester substrate. The inkjet printed 1.5 nm gold nanocrystal conductive patterns showed a sheet resistance of >0.03 U sq À1 aer sintered at 150 C which was 70% that of bulk gold. The printed gold conductive patterns showed 6 times higher resistivity aer laser sintering compared with bulk gold. 294 In another study, inkjet printed 50 layers of AuNP ink sintered at 500 C for 3 h showed resistivity of 12.5 mU cm. 295 The PVP and acrylic resin double layer capped AuNP ink showed stability over one year against aggregation at 20% gold concentration. The reactive inkjet printing (RIP) technique has been used to control the size of self-assembled AuNPs on glass and silicon substrates through adjusting the concentration of the gold precursor in different solvent systems. 296 The gold precursor prepared in a solvent system containing dimethyl sulfoxide (DMSO) and oleylamine in 1,2-dichlorobenzene was found to be most suitable for printing uniform size AuNPs using 314 etc. Furthermore, the integration of RFID tag sensors with the Internet and cloud computing will substantially advance e-healthcare applications as well as many other research areas with an economic boost in IoT worldwide.
315-317
Stability of inkjet printed conductive patterns
The long-term stability of inkjet-printed conductive patterns is signicant for the performance of electronic devices. The discontinuation of printed patterns as well as gradual degradation of metallic conductive patterns over time could lead to device failure. Therefore, long-term durability of inkjet inks and printed conductive patterns depend upon a number of factors such as chemical formulations of conductive inks, capping and dispersion agents, printing method, substrate temperature, sintering, and the morphological structures of printed conductive patterns. Derby 318 discussed the physical processes of inkjet printing and how the properties of the viscoelastic uid precursors inuence the interactions between individual ink droplets and the substrate to be used for printing, therefore dene the resolution and precision of printed patterns. Both conductive patterning and the structure of substrates contribute to the quality of print resolution. The inkjet droplet spacing and contact angle both play an important role in the stability of conductive printed patterns. 319 Li et al. 266 used capping agent PVP as a coating to protect copper nanoparticles against oxidation. Chen et al. 124 studied stability of silver ink. The silver diethanolamine (DEA) inks were stored at different temperatures including 5, 20, and 70 C. The silver ink was transparent for 8 days at 5 C, whereas aggregates appeared aer sintering at 70 C for 1 h and silver thin lm formed by aer sintering silver ink on the PET substrate at 70 C for 1 h.
Kwon et al. 320 developed 3D complementary organic eld-effect transistor (COFET) where source/drain/gate electrodes, organic semiconductor layers and interconnections were all inkjetprinted except the CVD deposited parylene dielectric. The array of inkjet printed 3D devices showed uniformity with 100% yield, 45.8% noise level and long-term stability of the electronic devices over a period of 8 months under ambient conditions without any encapsulation.
The stability of inkjet printed conductive patterns has been studied over extended period of time. Nie et al. 120 studied the long-term stability of silver citrate precursor based conductive inkjet ink. Fig. 33 shows the photographs of silver citrate conductive inkjet inks stored in a refrigerator and under ambient conditions for 60 days and the variation of electrical resistivity of inkjet-printed silver patterns on exible PET substrate as a function of storage time of the silver ink in the refrigerator and under ambient conditions. The inkjet-printed silver patterns were sintered at 150 C for 50 min. The freshly prepared silver citrate conductive ink was slightly yellowish and transparent while ink stored in the refrigerator for a period of 60 days showed no change in color. However, slight change in color was observed for the ink stored under ambient conditions at 25 C for 60 days without any type of precipitation. The longterm stability of these silver citrate conductive inks was also evaluated by measuring the electrical resistivity of the inkjetprinted silver patterns aer sintering at 150 C for 50 min.
The silver printed patterns showed long-term stability because no noticeable change in electrical resistivity was observed up to 60 days. Li and Chen 265 recorded X-ray diffraction patterns of asprepared CuNPs at 80 C and CuNPs stored in a capped bottle under atmospheric conditions for a period of 6 months which showed similar XRD patterns. The cetyltrimethylammonium bromide (CTAB) capping layer created a diffusion barrier over CuNPs providing stability against oxidation. Furthermore oxidation of CuNPs was also prevented by the hydrazine reducing agent. Secor et al. 321 prepared inkjet-printed indiumgallium-zinc-oxide (IGZO) transistors by embedding the graphene electrodes. The IGZO based inkjet-printed TFTs showed an electron mobility of 6 cm 2 V À1 s À1 , on/off current ratio of 10 5 and long-term stability for 365 days under dark ambient conditions without any degradation. The stability of inkjet printed conductive patterns of CuNPs, 267,279 silver, [322] [323] [324] [325] Cu-Ag core-shell nanoparticles 326 and other inks have been reported. [327] [328] [329] [330] Jeong et al. 324 used poly(acrylic acid) (PAA) sodium salt both as a capping agent and dispersant for aqueous silver inks to introduce long-term dispersion stability. The capping agents such as PVP, PAA, CTAB, etc., have been used as a protecting layer on metallic nanoparticles for developing inkjet inks. The chemical formulations of inkjet inks, substrate processing, printing method, sintering technique and temperature, all these factors contribute to the ne resolution and stability of printed conductive patterns. The stability of inkjet metallic and molecular precursor inks as well as the stability of printed conductive patterns against oxidation under ambient conditions is important for printed electronics.
Conclusion
The RFID tag sensors based on polypyrrole, graphene, silver and copper NPs, carbon nanotubes which were inkjet-printed on a variety of surfaces such as plastic, textile, paper, and even metallic surfaces show potential in exible and wearable electronics technologies. The challenges such as the impact of RF radiation on human health, security, and energy requirements for RFID security are real issues. The potential risk of RFID technology on human health should be addressed because nanomaterials as well as RF frequency may impact physiological activities. 331, 332 The safety of RFID has been studied. Kim et al. 333 studied the effect of 915 MHz RFID exposure in rats where no change in thyroid secretory function in connection with triiodothyronine (T3), thyroxine (T4), and thyroid-stimulating hormone (TSH) was observed in sham-exposed and RFID exposed rats. Paik et al. 334 reported that 915 MHz RFID exposure alters urinary polyamines (PAs) in rats. The level of N 1 -acetylspermine was found to be 54% higher aer RFID exposure whereas it increased 17% in the sham group. Lai et al. 335 studied the effect of implanted RFID microchips on human cancer cells by analyzing the emitted RF energy. Three different types of cancer cells, including BT474 breast cancer, Molt-4 leukemia, and HepG2 hepatic, were exposed for a period of 1 h to RFID microchipemitted RF eld. The RF energy emitted by microchips inhibited the growth/killed all three types of cancer cells. This opens a new approach of cancer treatment by implanting RFID microchips in tumors. More studies should be conducted to access the real impact of RFID technology on the human health.
One of the requirements for IoT devices is a continuous supply of sufficient energy provided either through the batteries or semiconductor solar cells by harvesting energy from the sun. Therefore IoT devices having a long lifetime with low-power consumption are ideal candidates. Blaauw et al. 336 pointed out that mW to mW average power is required for larger-scale IoT devices, whereas nW power will be sufficient for millimeter-size IoT devices. They also discussed the desired lifetime and size of alkaline AA, 20 mm Li-ion, 90 mm 2 Li-polymer, and 1 mm 2 Li thin-lm batteries in terms of maximum power drawn. IoT devices must harvest sufficient energy in order to operate up to several years. It was suggested that a 4 V battery can be charged from the 1 mm 2 solar cell under dim light in an indoor environment. IoT devices based on low-power consumption and modular designs should be developed. The fabrication of millimeter sensor systems from a set of eight die chips has been demonstrated. Huang et al. 193 reported that a chemically sensitive graphene eld-effect transistor (GFET) device can operate on very low power of 10 mW (0.1 V Â 0.1 mA), which is also compatible with Wi-Fi and Bluetooth® communication systems. This graphene nanosensor-based IoT system also uses smartphones and cloud computing technology. Janeczek et al. 337 showed that using a NFC-enabled smartphone, very low power of 8.5 mW was consumed by the RFID tag while performing multigas sensing activity with NFC/RFID tag sensor. Energy requirements for RFID tags should be considered where nanogenerators or solar cells may become important part of RFID technology as a clean energy source.
Flexible RFID tags sensors should become an integral part of wearable electronic devices, which is a growing industry, from smart watches to smartphones for health monitoring. [338] [339] [340] [341] The integration of IoT with nanotechnology will have an impact on future emerging technologies and their applications over the entire spectrum of IoT-related sectors. The IoNTs based on nanoelectronics, nanomedicine, solar cells, sensors, food products, health and transport industries will gain attention over the next decade. RFID-based systems could supercede barcode industries for IoT applications within the next decade. The challenges and issues related to energy and safety should be considered to explore the full potential of RFID tag sensors in IoNT-based technologies.
